Abstract-This paper proposes a fast measurement method to estimate the state of charge (SOC) of Li-ion battery based on AC impedance. The AC impedances of an 18650 lithium-ion battery related to various states of charge are measured firstly using a commercial AC impedance analyzer to form a database. Using the relationships between the state of charge and the AC impedance, the proposed method can obtain the battery state of charge quickly. To validate the accuracy of the proposed method, SOC 0%, 50%, and 100% are tested and compared in this paper. The results show that the error is 8.636%, 2.604%, and 0.6%, respectively.
INTRODUCTION
Due to the environmental pollution is getting worse, a lot of vehicles tend to utilize electric technology, such as electric bicycles, hybrid vehicles, electric cars, and electric motorcycles. All the power sources are from the batteries and the Li-ion batteries are the most commonly used. Some of the advantages of Li-ion batteries are high energy density, high power density, low self-discharge, fast charging, high energy weight ratios, no memory effect, and high durability [1] . However, it is difficult to accurately display the battery state of charge and understand the present battery status [2] .
There are a variety of methods to estimate the state of charge for Li-ion battery. Coulomb counting method is a general rechargeable battery capacity estimation method, which uses an open-loop algorithm and can be counted into the battery charge and discharge capacity. However, this method needs a higher accuracy current measurement device and is not capable of performing real-time SOC measurements. Moreover the initial value of SOC is difficult to obtain, which will also lead to an inaccurate estimation [3] . The open circuit voltage method measures the open circuit voltage curve corresponding to the SOC in advance. It requires a long period of rest time after per measurement. Because of taking a long time to rest, it is not suitable for hybrid vehicles application [4] . Kalman filter method has to create an accurate battery model first. Using the battery model the mathematical expression of the open circuit voltage can be obtained and its corresponding SOC is then determined. There are two main disadvantages for Kalman filter method: an accurate battery model and operation through the complicated process before getting an accuracy [5] [6] [7] . This paper proposes a fast measurement method to estimate the state of charge of a Li-ion battery. Using the relationship between the AC impedance and the SOC in the pre-built database, the measured AC impedance as a parameter is then compared with the database to obtain the corresponding SOC. The conditions of SOC 0%, 50%, and 100% are tested. Comparing to the database the estimation error is only 8.636%, 2.604%, and 0.6%, respectively.
II. EXPERIMENTAL METHODS
This paper is to explore the relationship between AC impedance and the SOC. The AC impedance model of an 18650 Li-ion battery with the anode and the cathode is shown in Figure 1 . La and Lc are internal inductors. R0 represents the junction of the battery, such as a conductive pattern of the joints, bipolar plate materials, and electrolyte. Ra and Rc represent the charge-transfer resistances. Ca and Cc represent the double-layer capacitances. Wa and Wc represent the Warburg impedances. In the case of lower frequency, the impedance will be reduced. Figure 2 shows a simplified equivalent circuit of the Li-ion battery. Shown in Figure 3 is the test platform for AC impedance measurement. Experimental method is to measure the battery impedance by making use of a small ac current signal output to the battery. The AC impedance is then calculated by the battery voltage and current. The current and the battery voltage are defined as formula (1) and (2) . Figure 4 shows that the schematic of the input current and battery voltage. Figure 4 shows the schematic of the input current and battery voltage. The input current and the battery voltage are composed of AC component and DC component. The DC component can be obtained after filtering, which are expressed as equations (3) and (4). Figure 5 shows the DC component waveforms of the input current and the battery voltage. ) sin( ) ( Using equations (3) and (4), the battery AC impedance can be obtained as
Transferring equation (5) into complex form, the battery impedance can be expressed as
The 18650 battery AC impedance can be expressed on the complex plane with the plural form. Figure 6 shows the Nyquist plot of a battery. By examining the content found in the Figure 6 , it is not difficult to know that the battery internals are with a resistance, inductance and capacitance components. The capacitance components of the Nyquist plot of a battery is presented in a semicircle case [8] [9] . III. EXPERIMENT STEP Figure 8 shows that the proposed method of this experiment flows. First, the researchers established a various 18650 li-ion battery capacity of the AC impedance database. Through the implementation of above measurement method, results were then compared the conclusion that can get the battery current battery SOC. The battery is tested at the SOC 0%. Figure 11 shows that prior to the actual unfiltered input current and the battery voltage waveform. Table I shows the compared results between the experiment value and the database created by ITRI Comparison. Table I shows that the battery power at SOC 0%, SOC 50% with SOC 100% respectively, its error is 8.636%, 2.604% and 0.6%. 
V. CONCLUSION
This study measures the AC impedance of li-ion ion battery at different SOCs. Battery impedance through the relationship between the SOC display experiments using SOC 0%, SOC 50% and the battery SOC 100% of the experiment. To compare the databases created by ITRI errors were 8.636%, 2.604% and 0.6%.
